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The increasing use of semicrystalline polymers (SCPs) in complex petroleum structures which are
subjected to high variations of temperature and gas pressure requires the development of reliable and
predictive constitutive models. For that purpose a diffuso-elastoviscoplastic model is presented here
by considering a two-phase representation, classically used in porous media, for the representative
volume element (RVE) of SCP in gaseous environment. One phase is crystalline (skeleton), and the other
corresponds to the mixture (ﬂuid) of gas and free amorphous (the latter is considered penetrable by gas).
The modelling is described within the framework of the thermodynamics of irreversible processes with
internal variables. General balance equations are established by considering the above RVE. The general
diffuso-mechanical macroscopic continuum formulation obtained is applied to elastoviscoplastic behav-
iour. The implementation of this two-phase diffuso-elastoviscoplastic model in AbaqusTM software via a
user subroutine allows to study the interactions between crystal, free amorphous and gas during a rapid
decompression test. More precisely, the evolution of pressure in the two-phase polyvinylidene ﬂuoride
SCP is given during a decompression test with carbon dioxide. Some results are discussed. The presented
model is supposed to facilitate the introduction of damage criterion in order to describe the blistering
occurring during a decompression.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
In petroleum transportation polymers are used as seal barriers
in ﬂexible pipes. In this context, they are supposed to resist to
high pressure (until 100 MPa) of aggressive chemical ﬂuids like
hydrogen sulphide or carbon dioxide (CO2), at service tempera-
ture ranging from 70 to 130 C. Semicrystalline polymers (SCPs)
such as polyethylene or polyvinylidene ﬂuoride (PVF2) are se-
lected in this context due to their chemical inactivity and their
mechanical proper ties in a broad range of temperature and pres-
sure (Dewimille et al., 1993). They are subjected to phenomenon
of blistering which is a damage mode due to high decompression
rate in the ﬂexible pipe. Indeed, under the pipe service pressure,
gas saturates the polymer sheath of the ﬂexible. This sheath is lia-
ble to sudden operating interruptions, resulting in a high drop of
pressure in the pipe. So, gas present in the polymer sheath tends
to diffuse outside the material and leads to the damage of the SCP
(Meimon, 2000). Mechanisms inducing various forms of damage,
cracks or blisters, e.g., are complex and depend on the gas-poly-
mer system. For the same system, the damage mode can varyll rights reserved.
: +33 549 49 82 38.
et), grandidier@lmpm.ensma.
i).with the decompression rate. Damage is generally a consequence
of high interactions between thermal, diffusion and mechanical
phenomena (Gaillard-Devaux, 1995;Boyer, 2003). It is thus neces-
sary to predict the risks of initiation of damage in order to design
structures including SCPs in gaseous environment and to reason-
ably predict their life time. Currently there is no model able to
deal with this damage problem.
In literature, some authors have recently developed thermo-dif-
fuso-mechanical models in order to describe the behaviour of poly-
mers in gaseous environment. For instance, Rambert andGrandidier
(2005) have proposed a thermo-diffuso-viscoelastic model which
was supposed to be extended further to treat damage, as discussed
above. Theabilities of the elasticmodel havebeenevaluated in apre-
vious article (Rambert and Grandidier, 2005). However, the exten-
sion of the mixture theory based Rambert’s model cannot be
reasonably considered to incorporate blistering because in this
approach themicrostructure description is too poor. To sumup, this
fully coupledelastic approachdoesnotexplain thedamage initiation
because the polymer and the gas are modelled thanks to a perfect
mixture. Consequently, the microstructure effect on damage initia-
tion is not taken into account. Indeed, it is essential to deal with
the SCP microstructure for two fundamental reasons. First, most of
the study about gas diffusion in SCP concluded that gas diffusion
takes place only in the amorphous phase (Michaels and Bixler,
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which is not accounted for in Rambert’s model.
Moreover, independently of their behaviour in gaseous envi-
ronment, SCPs have a complex mechanical behaviour which
depends on their microstructure (Cangémi and Meimon, 2001).
Various approaches of scale transition (Nikolov and Doghri,
2000;Nikolov et al., 2002; Van Dommelen et al., 2003a; Van Dom-
melen et al., 2003b) have been developed in order to deduce
mechanical behaviour of SCPs using a cell composed of several
crystalline lamellae stacked. Scale transition approaches are very
interesting but come up against theoretical and numerical difﬁ-
culties for viscoelastic and/or elastoviscoplastic polymers. In order
to get around these difﬁculties the elastoviscoplastic (VISCOPOL)
model has been developed at the French Institute of Petroleum
(IFP) (Cangémi and Meimon, 2001) at a mesoscopic scale; it rep-
resents a sort of compromise between theoretical difﬁculties
and modelling scope. The VISCOPOL model distinguishes in a sim-
ple way the two phases of a SCP, the ‘solid’ (crystal, conﬁned
amorphous) and the ‘ﬂuid’ (free amorphous) phases. This model
has been developed in order to describe the SCP mechanical
behaviour. Comparisons with experimental data have been real-
ized in Cangémi and Meimon, 2001 and the VISCOPOL model
exhibits good abilities to predict SCP triaxial behaviour under sev-
eral history loads and more particularly with PVF2. Its advantage
is to provide an estimation of mean stress applied to crystal and
to amorphous phase.
The objective of the present contribution is thus to reconsider
the VISCOPOL model by taking into account the presence of gas
in the free amorphous phase. The interaction between amor-
phous and gas should be described in order to estimate the stress
in amorphous phase and to quantify the risk of damage initiation
during blistering test. It is clear that we do not have any exper-
imental information on SCP behaviour under high pressure of
CO2. The model is built with the aim of reducing the number
of adjustable or identiﬁable parameters. To achieve it, one
speciﬁc physical description is proposed. Previously, diffusion
phenomena are modelled at the scale of a spherolyte and
mechanical behaviour is established in a rigorous thermody-
namic framework.
In this paper, assuming that gas diffusion takes place only in the
free amorphous, the representative volume element (RVE) of SCPs
in gaseous environment corresponds to that of the VISCOPOLmodel
in which gas is introduced in the ﬂuid phase. The latter is repre-
sented by a homogeneous non-reacting gas-free amorphous mix-
ture. We opt for the classical framework of the thermodynamics
of irreversible processes with internal variables. The assumptions
of small deformation and isotropy are put forward. Moreover, ther-
modynamic potentials are chosen quadratic so that constitutive
(state) laws are linear. In this framework, we obtain coupling
between diffusion and mechanical phenomena which gives the
interactions between gas, free amorphous and crystal. The interest
of this present approach is to develop a model for SCPs in a gaseous
environment which can be extended later to take into account the
damage of SCPs in a gaseous environment.
The paper is organized as follows: in Section 2, the model RVE is
presented. The general two-phase diffuso-mechanical model based
on the classical internal variable framework is described. The spe-
ciﬁc internal variables are not yet detailed in order to conserve the
general nature of the modelling. In Section 3, the speciﬁc diffuso-
elastoviscoplastic behaviour involving coupling between solid
and gas-free amorphous phases is detailed. The implementation
of this two-phase model is made in the engineering ﬁnite element
AbaqusTM software via a user subroutine UEL (User Element). In Sec-
tion 4, some selected numerical simulations are presented. They
concern in particular pressure levels in both phases of a PVF2 spec-
imen subjected to rapid CO2 decompression.2. General formulation of the model
The modelling proposed in this paper is based on the mechanics
of porous continua (Coussy, 1995). Indeed, the RVE chosen for SCP
in gaseous environment is based on a two-phase representation
classically used in the context of porous media: one phase is crys-
talline (skeleton), and the other corresponds to the mixture (ﬂuid)
of gas and free amorphous. Considering this RVE, general balance
equations are established within the formal framework of the ther-
modynamics of irreversible processes with internal variables.
2.1. Deﬁnition of the representative volume element
Within the VISCOPOL model framework, only two phases are
considered in a SCP. According to their mechanical characteristics,
the ﬁrst one consists of crystalline lamellae surrounded with amor-
phous phase in a conﬁned (or ‘glassy’) state. The stiffness of crys-
talline lamellae and their surroundings is high, the behaviour of
this phase is thus considered as that of a ‘solid’. The second phase
consists of free amorphous, its behaviour is supposed to be that of
a ‘ﬂuid’ (Fig. 1). Indeed, the free amorphous phase has a relatively
weak stiffness with regard to the precedent one. This ‘ﬂuid’ phase
is characterized by a high intrinsic mobility. Thanks to these con-
siderations the SCP microstructure can be correctly represented,
at a macroscopic scale, by the superposition of two continuous
media: the ‘solid’ and the ‘ﬂuid’ (Fig. 1).
In this paper, assuming that gas diffusion takes place only in the
free amorphous, the RVE of SCP in gaseous environment corre-
sponds to that of the VISCOPOL model in which the gas is intro-
duced in the ﬂuid phase (Fig. 2). The latter is now represented by
a homogeneous non-reacting gas-free amorphous mixture (Fig. 2).
Note that if it is not clearly speciﬁed, the developments below
refer to this RVE, which is considered here in its reference conﬁg-
uration. In the continuation of this document, the ﬂuid phase is
also named mixture, the free amorphous is simply called amor-
phous and the solid phase is also named skeleton.
2.2. Deﬁnition of the mass fractions
The mixture is deﬁned by relations (1) and (2) below which are
satisﬁed at any time. Yi (i = ﬂ,g,a) denotes the mass fractions of
ﬂuid (ﬂ), gas (g) and amorphous (a) relatively to the whole of the
system. Yg/ﬂ, Ya/ﬂ deﬁne the mass fractions of gas and amorphous
relatively to the ﬂuid phase which are noted Yg/ﬂ and Ya/ﬂ in the ac-
tual conﬁguration. The latter are linked by relation (3).
Parameter /o (2) is the initial connected porous fraction, qo (kg/
m3) is the average density of the gas–SCP system and qflo (kg/m
3) is
the initial density of the mixture. Note that the mass fraction of the
skeleton is deﬁned by Ysq and that all the mass fractions deﬁned
here do not have unit.
Y fl ¼ Yg þ Ya; ð1Þ
/oqfloY
g=fl ¼ qoYg; ð2aÞ
/oqfloY
a=fl ¼ qoYa; ð2bÞ
Yg=fl þ Ya=fl ¼ 1: ð3Þ2.3. Balance of mass
The statement of balance of mass contains three parts: ﬁrst the
gas–SCP system is considered as a whole, then each phase is trea-
ted separately and ﬁnally, each constituent (free amorphous, gas)
of the ﬂuid phase is studied. The balance for each phase (Eqs. (4)
and (5)) and each constituent (Eqs. (6) and (7)) is given below. In
≡Superposition of two continuous 
media:
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Fig. 1. A two-phase representation of the several parts of the SCP microstructure, without gas transport, at a mesoscopic scale and scaling to the continuum (Cangémi and
Meimon, 2001).
Solid phase: 
Lamellae surrounded by confined 
amorphous 
Fluid phase: 
Gas – free amorphous mixture 
Fig. 2. Gas transport within the polymer RVE described as a biphasic medium.
C. Baudet et al. / International Journal of Solids and Structures 46 (2009) 1389–1401 1391the reference conﬁguration, the time derivative of variable G noted
[dG/dt] represents the variation of G, during dt, which would be
noted by an observer attached to the particle of the skeleton.
dYsq
dt
¼ 0; ð4Þ
qo
dY fl
dt
¼ DivW
!
fl; ð5Þ
qo
dYa
dt
þ Divð#ma
!
Þ þ DivðYa=flW
!
flÞ ¼ 0; ð6Þ
qo
dYg
dt
þ Divð#mg
!
Þ þ DivðYg=flW
!
flÞ ¼ 0; ð7Þ
#ma
!
¼ #mg
!
; ð8Þ
W
!
i ¼ #mi
!
þYi=flW
!
fl ði ¼ a; gÞ: ð9Þ
In this formulation, two types of ﬂux appear. The second terms of
Eqs. (6) and (7) represent ﬂuxes of the constituents (gas and amor-
phous) relatively to the mixture, deﬁned by #mg
!
and #ma
!
(kg/m2 s).
They are linked by relation 8. The third term of Eq. (6) (respectively,
Eq. (7)) corresponds to the gas (respectively, amorphous) ﬂux in the
mixture relatively to the skeleton. These ﬂuxes depend on the ﬂuid
phase ﬂux W
!
fl (kg/m2 s). The ﬂuxes W
!
i (kg/m2 s) combine these
two types of ﬂuxes (Eq. (9)) and denote the mass ﬂux of each con-
stituent of the mixture relatively to the skeleton. Note that Div[.]
designates the divergence operator.
2.4. Momentum balance
The decompression being a rapid evolution with regard to the
diffusive process but not with regard to the mechanical one, inertiaeffects are neglected. The balance of linear momentum of the
system is reduced to the equilibrium equation (10) below, in which
S (Pa) corresponds to the second Piola–Kirchhoff stress tensor act-
ing on the biphasic system. F is the deformation gradient and f
!
(N/
kg) denotes the body force per unit mass of the biphasic system.
qflma (kg/m
3) represents the ﬂuid (gas and amorphous) density
added between the reference and actual conﬁgurations. It should
be noted that only the total stress tensor appears in Eq. (10)
whereas the objective of this paper is to describe the stress in
the crystal and ﬂuid phases. The corresponding stress quantities
will be introduced in the following:
DivðFSÞ þ ðqflma þ qoÞ f
!
¼ 0: ð10Þ2.5. Energy balance – ﬁrst principle
The balance of the internal energy may be written in a non-clas-
sical form (Eq. (11)), where U (J/m3) is the internal energy of the
system per unit volume. E is the Green–Lagrange strain tensor, Q
!
(W/m2) is the Piola transform of the heat ﬂux, and R (W/m3) the
external heat supply per unit volume. hgm and h
a
m (J/kg) correspond
to the speciﬁc enthalpy of the constituents. Notice that T0’ is the
transpose operator.
dU
dt
¼W
!
fl  TF  f
!
þR Div Q
!
þS : dE
dt
 Div½hgmW
!
g  Div½hamW
!
a:
ð11Þ2.6. Partition of strain and decomposition of mass fractions
Under the hypothesis of small perturbations an additive decom-
position of the total strain is assumed (Eq. (12)). The tensors Ee and
Ep, deﬁned on the reference conﬁguration, correspond, respec-
tively, to elastic strain and viscoplastic strain.
E ¼ Ee þ Ep: ð12Þ
We opt for a partition of gas and amorphous mass fractions (Eqs.
(13)), where four variables of mass fraction are introduced
ðYaðeÞ;YgðeÞ; YaðpÞ;YgðpÞÞ.
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Ya ¼ YaðeÞ þ YaðpÞ: ð13bÞ
YaðeÞ represents the part of amorphous which is ‘not constrained’
by the yielding of the solid phase. This variable evolves in a
reversible way during unloading of the material. Conversely, YaðpÞ
is related to irreversible phenomena in the solid phase, inducing
an amorphous part ‘constrained’ by the crystalline phase which
is not recoverable after unloading. In a similar way, YgðeÞ corre-
sponds to the part of gas which is ‘not trapped’ in the material
during the same loading. YgðpÞ represents the mass fraction of gas
‘trapped’ in the material during yielding or cavitation. The parti-
tions (Eqs. (13)) aim at representing the interactions between
the crystal, the gas and the amorphous.
Variables YaðpÞ and Y
g
ðpÞ are assumed connected to the space
available in the biphasic medium. With regard to the free amor-
phous, this space corresponds to the volume existing between
crystalline lamellae. It is deﬁned by the fraction of free amorphous
/a with respect to the total volume. If this space can be compacted
in a plastic way during a mechanical loading, a concept of plastic
porosity /aðpÞ can be deﬁned. The plastic porosity corresponds to
the non-recoverable part of the initial intercrystalline volume after
unloading and can be assumed equal to the plastic mass fraction of
the free amorphous (Eq. (14)).
qoY
a
ðpÞ ¼ qo/aðpÞ: ð14Þ
An additional relation between plastic porosity, occupied by amor-
phous, and plastic volume strain is introduced. In the case of porous
media a linear law is selected (Eq. (15)) by introducing a tensor ba
(Coussy, 1995). The latter is ﬁnally reduced to a scalar noted ba (I
designates the identity matrix):
qo/
a
ðpÞ ¼ qoðba : EpÞ and ba ¼ baI: ð15Þ
With regard to gas, a similar assumption is made by considering
that space available for gas corresponds to the total volume of vac-
uum before saturation, namely the intercrystalline volume minus
the volume of the amorphous. A plastic part of this volume which
is not recoverable after unloading can be deﬁned and is called gas
plastic porosity /aðpÞ. The same assumption of linearity between
the gas plastic porosity and the plastic volume strain is used (Eq.
(16)):
qoY
g
ðpÞ ¼ qoðbg : EpÞ ¼ qo/gðpÞ and bg ¼ bgI: ð16Þ
Relations (16) connect the part of gas trapped with the global plas-
tic volume strain.
2.7. Entropy balance – second principle
2.7.1. Accompanying local state – Gibbs relation
Based on the assumption of a local accompanying state, a given
RVE is described at any time by a set of state variables (Germain
et al., 1983). One admits the existence of the absolute temperature
T (K) and its homogeneity within the system, i.e. all the constitu-
ents (crystal free amorphous, gas) of the system have the same
temperature. Some internal variables and their dual variables are
introduced to describe the rearrangement of the internal structure
of the material. They are scalar or tensorial and depend on the
internal mechanisms considered. The irreversible phenomena
(e.g. plasticity) are supposed isotropic, represented by scalar inter-
nal variables, noted nj, and their conjugate thermodynamic afﬁni-
ties Aj (for j varying from 1 to n).
Based on the partition of strain (Eq. (12)) and on the decompo-
sition of mass fractions (Eqs. (13)), the state variables chosen for
characterizing the RVE are: the temperature, the elastic strain,the elastic part of the gas and amorphous mass fractions, and the
set of internal variables. The entropy per unit volume S (J/m3 K),
linked to this RVE, is then expressed as a homogenous function
of the following extensive parameters: U; Ee;YgðeÞ;Y
a
ðeÞ and nj. In
the framework of open systems, the fundamental Gibbs equation
is assumed valid (Glansdorff and Prigogine, 1971) and leads to
Eq. (17) below:
T
dS
dt
¼ dU
dt
 S : dE
e
dt
 qolgm
dYgðeÞ
dt
 qolam
dYaðeÞ
dt
þ
Xn
j¼1
Aj
dnj
dt
: ð17Þ
In Eq. (17), lgm and lam represent the mass chemical potentials (J/kg)
of gas and free amorphous, deﬁned by the classical equation (18),
where sgm and sam (J/kg K) correspond to the speciﬁc entropy of the
mixture constituents.
lim ¼ him  Tsim ði ¼ g; aÞ: ð18Þ2.7.2. Entropy variation
In order to deﬁne locally the rates of change of entropy due to
external exchanges deS=dt (Eq. (19)) and internal evolutions
diS=dt (Eq. (20)), some rearrangements and hypotheses are made.
First, body force is assumed negligible comparatively to the other
terms of Eq. (11). Then, from Eq. (17) deS=dt and diS=dt can be de-
tailed by taking into account the strain and mass fraction partitions
(Eqs. (12) and (13)), the diffusion equations (Eqs. (6) and (7)), and
relation (18).
deS
dt
¼ R
T
 Div Js
!
with Js
!
¼ 1
T
Q
!
þ
Xg
i¼a
simð#mi
!
þYi=flWfl
!
Þ; ð19Þ
diS
dt
¼1
T
S :
dEp
dt
þ Q
!
Grad
! 1
T
 
þ
Xg
i¼a
him Grad
! 1
T
 
W
!
i  Grad
! 1
T
lim
 
W
!
i
 
þ
Xg
i¼a
1
T
limqo
dYiðpÞ
dt
þ
Xn
j¼1
1
T
Aj
dni
dt
P 0: ð20Þ
Note that Js
!
(W/K m2) designates the entropy ﬂux considered in
the reference conﬁguration and Grad
!
the gradient operator.
In the approach presented, amorphous and gas are assumed to
have a non-viscous behaviour during the gas decompression.
Moreover, by assuming that lim is only a function of the absolute
temperature T and of the average pressure in the mixture P, one
obtains the following relations (Eqs. (21)) (Coussy, 1995):
olim
oP
 
T
¼ 1
qfl
; ð21aÞ
olim
oT
 
P
¼ sim: ð21bÞ
Note that o=oð Þ means partial derivative with * constant.
Employing Eq. (21a) and considering relations between mass
ﬂuxes (Eqs. (8) and (9)), the fundamental inequality is deduced
below:
T
diS
dt
¼S : dE
p
dt
þ qolgm
dYgðpÞ
dt
þ qolam
dYaðpÞ
dt
þ
Xn
j¼1
Aj
dnj
dt
þ 1
T
Q
!
ðsgm  samÞ#mg
! 
 Grad
!
T  Grad
!
ðlgm  lamÞ
: #mg
!
 1
qfl
Grad
!
ðPÞ W
!
fl
P 0: ð22Þ
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In order to describe the coupled behaviour of SCPs in gaseous
environment as discussed in introduction, the elastoviscoplastic
framework of Cangémi and Meimon (2001) is employed (VISCO-
POL). The corresponding two-phase approach is similar to that pre-
sented in this paper but there is no gas in the ﬂuid phase (Fig. 1)
according to VISCOPOL model. Within the latter, ﬂuid phase is
assumed to be purely elastic whereas viscous/irreversible phenom-
ena are supposed to affect crystallites and conﬁned amorphous
represented by the solid phase. According to the present approach
ﬂuid phase corresponds to the gas-free amorphous mixture (Fig. 2).
This approach, offering a forward step with respect to VISCOPOL is
still neglecting damage and thermal phenomena during the
decompression. It describes the diffuso-elastoviscoplastic behav-
iour as speciﬁed in the following subsection.
3.1. Choice of the thermodynamic potential – constitutive equations
The assumptions of isotropy and small deformations for the
ﬂuid mass contribution, as well as the Skeleton (Coussy, 1989)
are made. The following quadratic expression is chosen for the vol-
ume free energy by making a second Taylor’s expansion of W (Eq.
(23)). This assumption constitutes a physical linearization of con-
stitutive framework presented. The potentialWd introduces stored
energy contribution of non-reversible phenomena, like plasticity,
occurring in the material.
WðEe;T;YgðeÞ;YaðeÞ;njÞ ¼ U TS¼ So : Ee þ
1
2
Ee : C : Ee
MaBa : EeðYaðeÞ  Ya;oðeÞ Þ MgBg : EeðYgðeÞ  Yg;oðeÞ Þ
þqolamoYaðeÞ þqolgmoYgðeÞ þ
1
2
MaðYaðeÞ  Ya;oðeÞÞ2
þ1
2
MgðYgðeÞ  Yg;oðeÞ Þ2 þWdðnjÞ: ð23Þ
The initial value of any variable is identiﬁed by the superscript or
subscript symbol ‘o’; C(Pa) is a fourth-order tensor of Hooke’s elas-
ticity. Some coupling coefﬁcients are also introduced, among which
Ba and Bg are second-order tensors, Ma (Pa) and Mg (Pa) are scalar
quantities.
Ba (respectively, Bg) represents the intensity of the macromolec-
ular interactions between the free amorphous (respectively, gas)
and the crystalline phase through the conﬁned amorphous chains.
Indeed, once the plastic deformation of the crystallites occurs, the
applied loading involves rotation of the free amorphous-gas layers
between the crystalline lamellae and the reorientation of the con-
ﬁned amorphous chains (Bartczak et al., 1996).
The modulus Ma is linked to the compressibility of the free
amorphous within the solid network. This compressibility is at
the root of the volume change of the SCP and the related hydro-
static pressure effect. Ma depends on conﬁning of the free amor-
phous by the solid skeleton and on macromolecular features
relative to physical conﬁning.
The modulusMg is linked to the compressibility of the gas with-
in the solid network. It represents the capacity of the material to
being plasticized (non-mechanical effect) under the effect of the
gas sorption between the free amorphous chains. Thus, Mg is
intrinsically connected to the solubility parameter of gas Sg
(ppm Pa1) in the material.
The total stress applied on the gas–SCP system, the mass chem-
ical potentials of gas and free amorphous and other afﬁnities are
given below:
S ¼ oW
oEe
¼ So þ C : Ee MaBaðYaðeÞ  Ya;oðeÞÞ MgBgðYgðeÞ  Yg;oðeÞ Þ; ð24Þlam  lamo ¼
1
qo
oW
oyaðeÞ
 lamo ¼
1
qo
½MaðYaðeÞ  Ya;oðeÞÞ MaBa : Ee;
ð25aÞ
lgm  lgmo ¼
1
qo
oW
oYgðeÞ
 lgmo ¼
1
qo
½MgðYgðeÞ  Yg;oðeÞ Þ MgBg : Ee;
ð25bÞ
Aj ¼  oWdonj
: ð26Þ
Several couplings can be pointed out. The two last terms of Eq. (24)
correspond to the effect of mass transport on the mechanical behav-
iour. Coupling between mechanical and gas diffusion phenomena
appear as well: the mass chemical potentials depend on the elastic
volume strain (Eqs. (25)).
According to Eqs. (24) and (25), expression (27) below intro-
duces the classical notion of effective stress Ss (Pa) and Cs (Pa). Ss
corresponds to the part of the macroscopic stress acting on the so-
lid phase of the system and Cs to the tensor of Hooke’s effective
elasticity acting on the solid phase.
Ss ¼ Sos þ Cs : Ee ¼ Sþ qo Balam þ Bglam
 	
such as
Sos ¼ So þ qo Balamo þ Bglgmo
 	
and
Cs ¼ C MaBa  Ba MgBg  Bg: ð27Þ
The term qoðBalam þ BglgmÞ in Eq. (27) represents the ﬂuid phase
stress, which corresponds to the effect of the interactions of gas dis-
solved in the free amorphous within the total stress. Note that the
tensor Sos deﬁnes the reference stress.
From Eqs. (15) and (16), the mass chemical potentials (Eqs.
(25)) have simpliﬁed expressions as follows:
lam  lamo ¼
1
qo
Ma Y
a  Ya;o  Ya;oðpÞ
 	h
MaBa : Ee Maba : Ep
i
;
ð28aÞ
lgm  lgmo ¼
1
qo
Mg Y
g  Yg;o þ Yg;oðpÞ
 	h
MgBg : Ee Mgbg : Ep
i
:
ð28bÞ
In fact, the compressibility Mg and the solubility Sg are intrinsically
linked. A relation between these two quantities can be obtained
starting from the following hypotheses.
The mass chemical potential of gas is supposed identiﬁable to
the partial pressure Pg (Pa) of gas (Coussy, 1995), see Eq. (29) below.
Moreover, at ﬁrst approximation, the couplings in the constitutive
Eq. (28b) are neglected. A relation between the gas pressure and
the gas mass fraction is then obtained, see Eq. (30) below. An addi-
tional relation between gas mass fraction and gas concentration is
also given (Eq. (31)). A relation between the compressibility Mg
and the classical solubility coefﬁcient Sg is obtained, see Eq. (33),
by assuming an Henry’s law for the sorption mode (Eq. (32)).
lgm 
Pg
qo
; ð29Þ
MgY
g ¼ Pg; ð30Þ
Cg ¼ 106Yg; ð31Þ
Cg
Sg
¼ Pg; ð32Þ
Mg ¼ 10
6
Sg
: ð33Þ
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it can be solubilized in the polymer.
3.2. Evolution laws
To obtain the evolution laws, three assumptions have been
made:
 the thermal effects are neglected,
 only the intrinsic and the diffusion dissipation are non-negative,
 the intrinsic and the diffusion dissipation are independent.
Then, if we consider the diffusion problem, ﬂux and forces are
linked together thanks to classical linear relations and Onsager
coefﬁcients are introduced: symmetric tensors Kl (kg s/m3), KP
(m3 s/kg) and ClP (s) for the coupling.
#mg
!
¼ Kl Grad
!
ðlgm  lamÞ  ClP Grad
!
P; ð34Þ
~Wfl
qfl
¼ Kp Grad
!
P  ClP Grad
!
ðlgm  lamÞ: ð35Þ
The ﬁrst term of the gas mass ﬂux (Eq. (34)) is close to the ﬁrst
Fick’s law. The second term denotes the effect of the gradient of
the ﬂuid pressure on the molecular diffusion in ﬂuid phase. In the
ﬂuid ﬂux equation (Eq. (35)), the ﬁrst term is close to Darcy’s law
and the tensor KP can be identiﬁed as the classical permeability ten-
sor. The second term represents the effect of the gradient of the dif-
ference between the mass chemical potential of gas and free
amorphous on the ﬂuid ﬂow through the crystallites.
Tensors Kl, Bg and Ba are assumed symmetric. Moreover, with
the hypothesis of isotropy, these tensors are ﬁnally reduced to sca-
lars (Eq. (36)).
Kl ¼ KlI; ð36aÞ
Bg ¼ BgI; ð36bÞ
Ba ¼ BaI: ð36cÞ
The model proposed here is put forward for a porous medium for
which the ﬂuid phase can ﬂow through it. In the case of SCP with
gas the ﬂuid phase cannot ﬂow through the crystallite phase
because of physical anchorings. The latter induce the conﬁnement
of the free amorphous by the crystal; gas diffuses through the free
amorphous without ﬂowing through the material. Thus, the evolu-
tion law of the ﬂuid phase takes a trivial form, see Eq. (37) below.
The coupling coefﬁcient must necessarily be zero (ClP = 0), inducing
a new expression (Eq. (38)) for the gas mass ﬂux.
W
!
fl ¼ 0; ð37Þ
#mg
!
¼ KlI Grad
!
ðlgm  lamÞ: ð38Þ3.3. Diffusion equation
According to Eqs. (1), (5) and (37) the following relation, be-
tween gas and amorphous mass fractions is obtained.
dYg
dt
¼ dY
a
dt
equivalent to : Yg þ Ya ¼ 1 8t or
Yg  Yg;o ¼ ðYa  Ya;oÞ: ð39Þ
Then, taking into account Eqs. (8), (37) and (39) diffusion equations
of gas (Eq. (7)) and amorphous (Eq. (6)) are reduced to single equa-
tion below:
qo
dYg
dt
þ Div#mg
!
¼ 0: ð40ÞThe gas mass ﬂux (Eq. (38)) is developed by using Eqs. (28) and (39).
Assuming there is no initial strain and that the scalars Mg, Ma, Bg, Ba
are constant values, this ﬂux is reduced to expression as follows:
qo #mg
!
¼ KlðMg þMaÞGrad
!
ðYgÞ þ KlðMgBg MaBaÞ
	 Grad
!
trðEeÞ þ KlðMgbg MabaÞGrad
!
trðEpÞ: ð41Þ
The ﬁrst term of Eq. (41) is close to the ﬁrst Fick’s law, giving a rela-
tion between Kl, Mg and Ma and the diffusion coefﬁcient D (m2/s).
D ¼ Kl
q2o
ðMg þMaÞ: ð42Þ
By taking into account relation between Mg and Sg, one notes that
the coupling parameter Kl is a function of the product D 	 Sg, which
corresponds to the well-known coefﬁcient of permeability Pe.
The second and third terms of gas mass ﬂux represent, respec-
tively, the effects of the gradient of the elastic volume strain and
that of the plastic volume strain. These two terms depend on the
coupling parameter Kl. The second term depends on the expres-
sion (MgBg MaBa) and the third term on (Mgbg Maba). These
expressions represent the interactions between the mixture con-
stituents and the crystalline phase. For example, during the process
of gas sorption in the free amorphous, the total swelling of the SCP
will depend on the interaction parameters of the gas and the free
amorphous, in proportion to their respective compressibility.
3.4. Elastoviscoplastic behaviour
In the two-phase approach proposed in this paper, the ﬂuid
phase (mixture of free amorphous and gas) is assumed to be purely
elastic, whereas the viscous/irreversible phenomena are supposed
to affect crystallites and conﬁned amorphous represented by the
solid phase: crystalline sliding, interlamellar mechanisms, molecu-
lar elongation, . . .(Bartczak et al., 1996; G’Sell and Jonas, 1981;
Haudin, 1982; G’Sell and Dahoun, 1994). In order to interpret at
a macroscopic scale the activation of the irreversible mechanisms,
a yield function is considered. For that purpose the notion of effec-
tive plastic stress is ﬁrst deﬁned. According to Eqs. (15) and (16),
the intrinsic dissipation inequality (Eq. (22)) becomes Eq. (43).
Sþ qobalamI þ qobglgmI
h i
:
dEp
dt
þ
Xn
j¼1
Aj
dni
dt
P 0: ð43Þ
This inequality shows that the thermodynamic stress associated
with the viscoplastic strain in the two-phase material is an ‘effec-
tive viscoplastic’ stress designated Sps in the following. It is deﬁned
as a function of the total stress, as well as the mass chemical poten-
tials of the ﬂuid constituents, see Eq. (44) below. The potentials
mentioned depend on the plastic strain Ep (Eq. (28)) via ba and bg
as shown in Eqs. (15) and (16). The ‘effective viscoplastic’ stress is
thus given as follows:
Sps ¼ Sþ qobalamI þ qobglgmI: ð44Þ
For certain SCPs, the effect to hydrostatic pressure is known to be
signiﬁcant on various loading paths (Cangémi and Meimon, 2001;
Pae and Mears, 1968; Sauer et al., 1970;Sardar et al., 1968). In the
present two-phase approach, the effect of hydrostatic pressure
and the volume change evolution generally observed in SCPs lead
naturally to certain analogy with soils or granular materials, for
which the hydrostatic pressure and dilatancy effects are evident.
For SCPs it is admitted that relative pressure effects result from
the compressibility difference between solid and ﬂuid phases.
Hydrostatic pressure and associated volume change effects are ap-
proached commonly with elastoplastic ‘Cam-Clay’-type model in
soil mechanics. Like clays under speciﬁc conditions, SCPs generally
present a volume change evolution accompanying yield behaviour.
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priate yield surface for SCPs (Cangémi and Meimon, 2001). In the
present approach, this hypothesis is summarized. The yield function
at stake presents the advantage to adjust the ‘opening’ of the yield
surface according to the more or less marked pressure dependence
of the material. The yield function f (Eqs. (45)) regards the solid
phase of the system; it depends on the ﬁrst invariant of the effective
plastic stress through the mean stress p, and on the second invari-
ant through the J2 equivalent stress Seq:
f ¼ Seq  lsðp csÞ 1 bs In
p cs
pc
  
r with Seq ¼ J2ðSps Þ
¼ 1
2
trðSps  Sps Þ and p ¼ J1ðSps Þ ¼ trSps : ð45Þ
Eq. (45) introduces a characteristic state line which divides the
(Seq,p) plane into a part associated with a positive volume strain
rate (dilatation) and a part associated with a negative volume strain
rate (contraction). The sign of the volume strain depends on the
evolution of the yield surface in the (Seq,p) plane. Contraction and
dilatation effects have been observed at IFP for certain SCPs during
a tensile test.
In the model, gas impact appears through the effective plastic
stress. This is justiﬁed by the fact that the yielding is due to the
crystalline phase. The gas acts only through the mixture.
The pressure effect is governed by the internal friction parame-
ter ls. The parameter bs controls the locking of the yield surface in
the (Seq,p) plane. The cohesion parameter cs controls the material
resistance to pure hydrostatic tension.
The evolution of the yield surface is governed by r and pc vari-
ables. These variables are derived from the following form of
Wd(nj), which is a term of the free energy (Eq. (23)) proposed by
Cangémi and Meimon (2001).
WdðEpdþEpvolÞ¼ðEpd;EodÞþa lnððEpdþEodÞþaÞþ
poc
bs
exp ðbsEpvolÞ; ð46Þ
r¼owd
oEpd
¼ E
p
dþEod
EpdþEodþa
; ð47Þ
pc¼
owd
oEpvol
¼ poc exp ðbsEpvolÞ: ð48Þ
The initial size of the yield surface is given by the parameter Eod. The
parameter ‘a’ controls the rate of isotropic hardening. Eq. (48) re-
sults from studies of porous soil materials and can be interpreted
in terms of space occupied by the ﬂuid phase in the present context.
Parameter poc refers to residual conﬁning stress from process condi-
tions; bs is a control parameter.
The ﬂow rule is introduced from the viscoplastic Perzyna’s for-
malism (Perzyna, 1963). Volume strain evolutions accompanying
plastic yielding in SCPs lead Cangémi and Meimon (2001) to pro-
pose the following non-associated ﬂow rule:
dEp
dt
¼ 1
g
sinh
f
ks
 
KðSps Þ: ð49Þ
The function KðSps Þ gives the direction of the ﬂow (Eq. (50)).
KðSps Þ ¼
3
2
devðSps Þ
Seq
þ as
3
ls 
Seq
p cs
  
I: ð50Þ
devðSps Þ designates the deviator tensor of ðSps Þ such as
devðSps Þ ¼ Sps  13ðtrSps ÞI.
The viscous features of SCPs, such as the loading rate effect and
the delayed behaviour during creep or relaxation, are then de-
scribed by three parameters: as, g, ks. The parameter g acts as a
long relaxation time, whereas ks controls the rate effect at short
times. In this model, the gas dissolved in the material affects itsviscoplastic behaviour via the effective viscoplastic stress (Eq.
(44)).4. Application to a rapid CO2 decompression in the PVF2
A ﬁrst study of the model for a PVF2 specimen subjected to a ra-
pid CO2 decompression is proposed. The decompression test stud-
ied here corresponds to the decompression test brieﬂy described
below. During the test, pressure in crystal and ﬂuid phases of the
PVF2 specimen as well as the gas concentration within the material
are given. Pressure in each component of the ﬂuid phase, free
amorphous and gas, is also quantiﬁed.
4.1. Brief description of the numerical tool
The implementation in the engineering ﬁnite element AbaqusTM
software of the two-phase diffuso-elastoviscoplastic model devel-
oped in Section 3 is made via a user subroutine UEL; a particular
ﬁnite element with twelve nodes and 27 integration points is being
deﬁned. Momentum balance and mass balance are solved by ABA-
QUS 6.5 software. The concentrations are integrated using a back-
ward-difference scheme and the nonlinear coupled system (the
degrees of freedom are displacement and concentration) is solved
using the Newton’s method.
In UEL subroutine, the fully coupled Jacobian matrix, the
mechanical and the thermal residual vectors are calculated. In or-
der to estimate residual vectors, the stresses are deduced from the
constitutive laws. The evolution laws (Eqs. (49) and (50)) are inte-
grated on incremental step time with classical Runge Kutta meth-
od. The stresses and solution-dependent state variables are
updated to their values at the end of the increment for which they
have been called. In order to validate our tools, simulation has been
performed with an ABAQUS classical element and with our ele-
ment in a simple coupled case (the diffusion is coupled with elas-
ticity), see (Rambert, 2002). The VISCOPOL model is treated in a
UMAT subroutine; which is called for each Gauss point of each ele-
ment. Without gas environment, this subroutine gives a good pre-
diction of polymer behaviour and we have checked that our tool
give identical results to Cangémi and Meimon (2001). In this clas-
sical FE schema, the equations that have to be solved are described
in Table 1.
4.2. Description of the decompression test
The decompression tests have been performed at IFP; each test
can be decomposed into two stages: sorption and desorption. A
specimen is placed in a porous support in an experimental set
named pressure cell (Flaconnèche et al., 2001) which is connected
to a thermocouple and to valves allowing the circulation of the
steam pressure. In the sorption phase, temperature and pressure
are gradually increased, and maintained constant until the speci-
men is saturated with gas. For a high-pressure test, at 25 MPa,
the sorption temperature is equal to 403 K. The system is quenched
with water until the temperature drops to 298 K, maintaining the
pressure constant. In desorption phase, a fast decompression to
the atmospheric pressure is achieved, then the sample is left out
the pressure cell. The decompression tests studied here are carried
out for a ring shaped membrane (i: initial; massi = 7.62 g, vol-
umei = 4.37 cm3; thicknessi = 4.8 mm; interior radiusi = 10.5 mm;
exterior radiusi = 20 mm) (Fig. 3).
4.3. Diffuso-elastoviscoplastic model versus decompression test
Pressure in the membrane is calculated numerically employing
the foregoing diffuso-elastoviscoplastic model for the membrane
Table 1
Equations system to solve.
DivðFSÞ þ ðqflma þ qoÞ f
!
¼ 0
qo dY
g
dt þ Div #mg
!
¼ 0
qo #mg
!
¼ KlðMg þMaÞGrad
!
ðYgÞ þKlðMgBg MaBaÞGrad
!
trðEeÞ
þKlðMgbg MabaÞGrad
!
trðEpÞ ¼ Soþ qoðBaIlamo þ BgIl
g
mo Þ
þ½C MaBaI  BaI MgBgI  BgI : Ee ¼ Sþ qoðBaIlam þ BgIlgmÞ
r ¼ E
p
d
þEod
EpdþE
o
dþa
; pc ¼ poc exp ðbsEpvolÞ
dEp
dt ¼ 1g sinh
1
2trðSps Sps Þlsðtr SpscsÞ 1bs In
tr Sps cs
pc
 	 	
r
ks
0
@
1
A 3
2
devðSps Þ
1
2trðSps Sps Þ
þ ag3 ls 
1
2trðSps Sps Þ
tr Spscs
  
Sps ¼ Sþ qobalamI þ qobglgmI
lam  lamo ¼ 1qo ½MaðY
a  Ya;o þ Ya;oðpÞÞ MaBaI : Ee MabaI : Ep
lgm  lgmo ¼ 1qo ½MgðY
g  Yg;o þ Yg;oðpÞÞ MgBgI : Ee MgbgI : Ep
Yg ¼ YgðeÞ þ bgI : Ep; Ya ¼ YaðeÞ þ baI : Ep
Table 2
Model parameters.
Parameters Value
qo 1745 kg/m3
Young modulus E permits to deﬁne C 2100 MPa
Poission’s ration m permits to deﬁne C 0.4
Cohesion parameter, cs 450 MPa
Friction parameter, ls 0.52
Locking parameter, bs 8
Control parameter for rate of isotropic hardening, a 0.011
Initial size of the yield surface, Eod 0
Locking parameter for yield surface, bs 0.1
Control parameter for volumetric rate, as 0.65
Relaxation time, g 107 s
Control parameter for rate effect as short times, ks 2.3 MPa
Initial conﬁnement pressure, Poc 140 MPa
Biot’s modulus, Ma 2.5 GPa
Biot’s coefﬁcient Ba 0.3
Plastic Biot’s coefﬁcient, ba 0.3
Biot’s modulus, Mg 0.25 GPa
Biot’s coefﬁcient, Bg 0.9
Plastic Biot’s coefﬁcient, bg 0.9
Osager’s coefﬁcient, Kl 1.2 	 1013 kg s m3
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ing software. Note that the effect of temperature is not taken into
account in the numerical simulations as it is not accounted for by
the model.
4.3.1. Numerical simulation
In order to optimize the computing time, only one section of the
membrane has been modelled by taking into account the appropri-
ate symmetries. As regards the loading and the boundary condi-
tions, they have been deﬁned in order to reproduce the
experimental test conditions, viz. a sample placed on a porous sup-
port in a pressure cell and subjected to variation of pressure. The
contact between the sample and the porous support is assumed
as perfectly sliding; the specimen is free to dilate (Fig. 3).
The elastoviscoplastic parameters of the model are those of the
VISCOPOL model (Cangémi and Meimon, 2001) for a PVF2 similar
to that studied in the test. All parameters are deﬁned in Table 2.
The decompression test is simulated by studying successively
elastic and elastoviscoplastic behaviour of the crystal phase. Note
that the elastic behaviour for the crystal phase during the test rep-
resents a particular case of the diffuso-elastoviscoplastic model gi-
ven in Section 3. In agreement with the model hypothesis, ﬂuid
phase exhibits elastic behaviour during the entire decompression
test. The response of the material is presented and discussed for
the diffuso-elastic (D-E) and diffuso-elastoviscoplastic (D-V) cases.
The inﬂuence of the gas diffusion on the crystal and free amor-
phous behaviour is discussed.
4.3.2. Evolution of pressure and gas concentration
The following deﬁnitions are given before to present the main
results. Pressure of the crystal phase is deﬁned through the mean
effective stress in the crystal (Eq. (51)). Pressure in the ﬂuid phaseFig. 3. Membrane (left) and loading/boundary conditis deﬁned by relation Eq. (52) using Eq. (27) and can be decom-
posed in two parts: Pa and Pg which correspond, respectively, to
pressure of free amorphous and gas.
Ps ¼ 13 trðSsÞ;
Ps > 0 : crystal phase is in tension;
Ps < 0 : crystal phase is in compression:
ð51Þ
Pfl ¼qoðBalamþBglgmÞ¼ PaþPg;
Pfl >0 : fluid phase is in tension;
Pfl <0 : fluid phase is in compression;
ð52aÞ
Pa ¼ qoBalam; ð52bÞ
Pg ¼ qoBglgm: ð52cÞ
Figs. 4–8 display evolution of various quantities in an element (see
, Fig. 3) located in the middle of the thickness and in the mid-ra-
dius of the ring.
The results of the study are presented following two stages of
the test: the sorption and the desorption. The latter is decomposed
in two sub stages: desorption during the decompression and
desorption at constant atmospheric pressure.
4.3.3. Sorption stage
The analysis concerns an element located far from the edge of
the sample; therefore diffusion equilibrium state is not immedi-ions (right) schemas during decompression test.
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rise of external pressure and the gas sorption in the material. The
rise of external pressure induces the contraction of the sample
whereas the gas sorption leads to its expansion. This transient
stage implies that crystal is ﬁrst loaded in compression (Fig. 5)
due to external pressure inducing contraction effect which is supe-
rior to expansion due to gas diffusion. Crystal is in tension when
the effect of the gas diffusion in the material becomes greater than
the effect if applied pressure. The free amorphous, conﬁned by
crystal, is ﬁrst under compression then under tension to make sure
equilibrium between crystal, gas and free amorphous (Fig. 6). Dur-
ing the sorption stage gas is always under compression (Fig. 4). All
these remarks are valid for both the D-E and D-V analyses, but
some nuances are visible. The viscoplasticity reduces the gas diffu-
sion (Fig. 7). Thus competition between external pressure and gas
sorption is lower in the D-V case than in the D-E case. Whereas the
free amorphous is in compression or in tension, ﬂuid phase is al-
ways in compression (Fig. 8). Indeed, gas pressure in the material
greater than the free amorphous pressure. This result is in agree-
ment with the physical conﬁnement of the ﬂuid by the crystal.
During the transient stage the delay due to the viscoplasticity
diminishes in the course of the gas sorption. Figs. 5 and 8 show that
the effect of the viscosity is almost annihilated at the end of the
sorption because sorption stage is enough long. The plateau at
the end of sorption (Figs. 5, 7, 8) shows that the equilibrium for
mechanical/diffusion processes is reached.
4.3.3.1. Desorption stage.
4.3.3.1.1. Decompression. In a somewhat similar way decompres-
sion implies a competition between the progressive drop of exter-
nal pressure and the gas desorption. The drop of external pressure
induces the expansion of the sample whereas the gas desorption
leads to its contraction. During this stage pressure in the crystal in-
creases (Fig. 5) in order to make up for the external pressure drop
which is greater than the drop of gas concentration in the middle of
the domain considered. Pressure in the ﬂuid phase decreases
slowly (Fig. 8) compared with the increase of pressure in crystal.-550
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Fig. 4. Gas pressure in the materialIndeed, gas pressure decreases (Fig. 4) while that in the free amor-
phous increases (Fig. 6) in order to make up for the expansion of
the crystal. It leads to an additional tension pressure for crystal
(Fig. 5) and for the free amorphous too (Fig. 6). The intensity of this
additional pressure depends on the constitutive laws. Indeed, the
pressure peaks in free amorphous and crystal are more marked
for D-V than for D-E. This is due to viscoplasticity which induces
a slowing down of gas desorption (Fig. 7) and consequently the
external pressure drop is prevailing in the D-V case.
With the D-V law the maximum pressure in the crystal
(429.5 MPa, see Fig. 5) is reached at the end of the decompression,
and that of the free amorphous (+119.2 MPa, see Fig. 6) few min-
utes after. It is to note that the maximum pressure in crystal with
the D-V law is close to the cohesion parameter cs (450 MPa). This
latter parameter corresponds to the maximum stress that crystal
can subjected before debonding, which leads to damage in form
of ﬁssures or blisters. Decompression is thus a critical transient
stage in relation to the cavitation phenomenon.
During decompression gas concentration in the middle of the
sample almost does not evolve in D-V or in D-E (Fig. 7).
4.3.3.2. Desorption at atmospheric pressure. After the decompres-
sion, the sample is at constant atmospheric pressure. The gas con-
centration in the material evolves in the same way for D-E and D-V
cases (Fig. 7). At the end of desorption there is no gas in the mate-
rial (null concentration).
Free amorphous, gas and crystal pressure decreases in the same
way between the end of decompression and about 1070 h (Figs. 5
and 8). On the other hand, after 1070 h both constitutive laws lead
to different responses and tend towards two distinct equilibrium
cases. For D-E pressure in the gas (Fig. 4), crystal (Fig. 5), ﬂuid
(Fig. 8) and free amorphous (Fig. 6) becomes null. In D-V a new
equilibrium appears which induces a residual pressure of compres-
sion in the free amorphous (2.6 MPa, see Fig. 6) and of tension in
the crystal (3.74 MPa, see Fig. 5). It is to note that the pressure in
amorphous tends towards that of the ﬂuid at the end of desorption
because there is no more gas in the material.1000 10000me (h)
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Fig. 5. Pressure in the crystal phase during the decompression test.
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Fig. 6. Free amorphous pressure during the decompression test.
1398 C. Baudet et al. / International Journal of Solids and Structures 46 (2009) 1389–1401Pressure in the crystal and in the free amorphous phase is rep-
resented after 179 h of desorption considering the D-V law (Fig. 9).
At this time, crystal is under tension and free amorphous phase is
under tension in the middle of the sample and under compression
on a part of the edges. This is due to the effect of plasticity on the
edge of the sample.
The values of stress obtained are very high because of the high
swelling of material imposed by the sorption of gas in the amor-
phous phase. This comes in particular from the assumption regard-ing constant Young modulus (i.e. not affected by the presence of
gas). However, if it is assumed that the presence of gas softens
the system during its dissolution, it would be necessary to consider
Young modulus depending on pressure and/or gas concentration
(viz. E decreases when the gas concentration in material increases).
This type of law is not available in the literature; in order to model
this dependence it would be necessary to carry out mechanical
tests under gas pressure and to determine the evolution of the
Young modulus during various loading paths.
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A two-phase diffuso-mechanical model is proposed in this work
in order to describe interactions between CO2 and PVF2 during ra-
pid decompression test. This model takes into account the behav-
iour of the two main phases of a SCP in gaseous environment by
introducing the gas in previous biphasic representation of SCP
microstructure (VISCOPOL model). The ﬁrst phase consists of crys-
talline lamellae surrounded by conﬁned amorphous. The behaviourof this phase is assumed equivalent to that of a ‘solid’. Assuming
that gas diffusion takes place essentially in the free amorphous,
this phase together with gas molecules is then represented by a
homogeneous mixture. The behaviour of this second phase mix-
ture is supposed to be that of a ‘ﬂuid’. In agreement with this ex-
tended two-phase representation, a diffuso-elastoviscoplastic
model is detailed, neglecting thermal phenomena.
This model has been implemented in the engineering ﬁnite ele-
ment AbaqusTM software via a user subroutine UEL. This numerical
Fig. 9. Pressure in the crystal (Pa) (top) and pressure amorphous (Pa) (bottom) after 179 h of desorption.
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decompression test. The diffuso-elastoviscoplastic model has been
applied to a decompression test on a SCP currently used in petro-
leum industry, the PVF2, subjected to a CO2 pressure ﬂuctuation.
The interactions between gas, crystal and free amorphous are de-
scribed by plotting the evolution corresponding pressure resulting
from numerical simulations of the decompression test. Crystal
phase is generally in tension because it is opposed to the expansion
of the ﬂuid phase induced by gas diffusion. The ﬂuid phase is thus
mostly in compression resulting from the respective states within
the amorphous/gas mixture. Indeed, gas is always in compression
and free amorphous pressure is generally in tension. The diffuso-
elastoviscoplastic model is compared to the simpliﬁed diffuso-elas-
tic version of the model. During the transient stages of the test, gas
diffusion is slowing down due to viscoplasticity effects. Under dif-
fuso-elasticity, pressure in the gas, crystal, and free amorphous
becomes null at the end of the decompression test. Under diffuso-
elastoviscoplasticity a new equilibrium appears after mechanical
and diffusion unloadingwhich induces a residual compressive pres-
sure in the free amorphous while it induces tension in the crystal.
Moreover, the maximum pressure in the crystal and free amor-phous is reached at the end of the decompression. These results
are interesting for prospective description of blistering in PVF2
occurring during a rapid CO2 decompression.
This modelling constitutes an important theoretical base for the
comprehension of damage mechanisms of SCPs occurring during
rapid decompression. Cavitation appears generally in the free
amorphous. A cavitation criterion can be prospectively applied to
the free amorphous in the model presented. Moreover, actually
only a post-mortem analysis of the sample is possible by means
of a scanner which provides cartography of the cavities at the
end of the test. So, the validation of the cavitation criterion will re-
quire the development of an experimental protocol making it pos-
sible to follow the evolution of blistering during desorption in
order to compare the evolution of distribution and size cavities
in the material with prospective model including damage.References
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